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Magnetic field calibration of a transmission electron microscope
using a permanent magnet material
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A new method of assessing the magnitude of the magnetic field in a transmission electron
microscope using a permanent magnetic material is described. The approach is versatile and simple
enough to be implemented for certain scientific or engineering situations in which the exact
calibration of the magnetic field in the microscope column using a small Hall probe may be a
problem. We have applied this approach to obtain the magnetic field calibration inside a JEM 3000F
field emission electron microscope as a function of the objective lens potential. In the course of this
in situ calibration it was not necessary to disassemble the microscope or interrupt its operation. The
procedure used is versatile and accurate enough to measure magnetic fields up to (2QHOe
=2T in Sl unity as was confirmed by subsequent Hall-probe field measurement of the same
electron microscope. The calibration method described in this article does not require any special
Hall-probe holder adaptations and can be applied to any transmission electron microscope or similar
instrument. To illustrate the utility of the technique and its results, quantitative analysis of magnetic
domain images obtained with Lorentz microscopy during magnetic reversal of a sample subjected
to anin situ magnetic field in the JEM3000F microscope is presented and discussed00®
American Institute of Physics[DOI: 10.1063/1.1472465

I. INTRODUCTION the schematic cross-sectional layout of the JEM 3000F TEM
column with a side-entry holder geometry presented in Fig. 1
The operation of a transmission electron microscop§jiystrates that there is not enough room in the column to
(TEM) requires that the sample of interest be placed withiny3ce additional magnetic field sensors close to the optical
the objective lengOL) magnetic pole pieces of the instru- 4yiq of the TEM column in the vicinity of the specimen area
ment. Thus during normal imaging operation the sample i?Fig. 1, segment 7 Only a small part of the high-vacuum

subjected to arin situ magnetic field with a high value. TEM col | ‘1o th _ d . ¢
Many transmission electron microscopes allow the OL to be column relevant fo the specimen area and environmen

switched off during the imaging procedure, a feature that idS S1OWn here for clarity.Hence, any independent magnetic
particularly useful for studies of magnetically sensitive field measurement can only be carried out with either a spe-

samples using either the Fresnel or the Foucault imagin§i@l TEM holder with a Hall probe or some other type of
modes of the Lorentz microscopy technique. The presence (Wireless magnetic sensor that must fit into the standard TEM
the OL does, however, provide a convenient way by which tsspecimen holder.
vary the magnetic field surrounding the sample and to exam- In this article we report a novel technique which avoids
ine the effect of that field on the magnetic domain configu-this complication by using the OL current to magnetine
ration of the sample. It is necessary that the application of &jtu an initially demagnetized but well-characterized mag-
magnetic field to a magnetic sample during TEM imaging benetic specimen, henceforth referred to as a magnetic sensor,
done with care. Variation of the magnetic field applied t0 athat acts as a probe of the magnetic field in the specimen area
sample within the TEM is usually achieved by varying the ot the TEM. This technique bypasses the need for special
o.b!ecnve lens current, Wh'_Ch may Cha”ge the Imaging Conyngd/or expensive Hall-effect probe attachments. As it is im-
ditions, or by varying the tilt of the specimen relative to the portant to choose a magnetic sensor with a unique and repro-
column axis, which changes the component of the OL mag-, . o . .

o . ; ducible magnetic field response, some brief magnetic mate-
netic field projected into the plane of a sample. . X o . . ;

rials selection criteria will be outlined. Details of the

For quantitative magnetic TEM image analysis it is im- i o i
portant to know the value of the magnetic field applied to aproposed field-calibration procedure of a TEM using such a

sample. Calibration of the magnetic field inside an electrofi@gnetic sensor are described below. The results of this pro-
microscope as a function of the OL current is not a simplec€dure are compared to those obtained by a conventional
procedure’ because it usua”y requires the use of a Specibﬂa”'prObe characterization of the magne’[ic field in the TEM.
holder in conjunction with a Hall-effect probe. For example, Finally, the utility of the technique is illustrated by quantita-
tive analysis of Lorentz magnetic domain images obtained

dAuthor to whom correspondence should be addressed; electronic maig_urlrlg the magnet'.c reversal of a Sample SUbJeCted tman
volkov@bnl.gov situ magnetic field in the JEM 3000F microscope.
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FIG. 1. Schematic cross-sectional layout of the TEM column in the speci- %D
men area. The following features are indicatétll condenser minilens 2
(CM) coil; (2) goniometer;(3) specimen holder{4) objective aperture as-
sembly;(5) objective lengOL) coils; (6) objective minilengOM) coil; and 200
(7) specimen area inside OL pole pieces.
H .
Il. PRINCIPLE OF CALIBRATION 0 1 1 ) {
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A. Choice of sensor material Applied Field H (kOe)

Calibration of the magnitude of the internal field inside g 2. magnetic recoil curves used to determine magnetic remanence of
the TEM is achieved by monitoring the development of rem-the magnetic sensor sample MdFe;,C0s) 30BsGa, s measured at room tem-
anent magnetization with OL potential during TEM imaging perature with the SQUID magnetometer. This set of measurements estab-
of a thermally demagnetized ferromagnetic sample of knowijses an unambiguous relationship between the remanevick ¢f the

. . L ..._magnetic sensor and the magnitude of the applied magnetic(Figld
magnetic response. In this endeavor it is necessary to utilize
a permanent magnetic material which retains some fraction
of magnetization achievethe remanenct,) after applica-  briefly to 400 K, above the Curie temperature of,Re,,B,
tion and removal of an applied external field. The magnetid© thermally demagnetize the sample. Upon cooling this pro-
sensor chosen must not be magnetically saturated before tggdure creates a distribution of magnetic domains with a ran-
maximum field inside the TEM is reached. The techniquedom magnetization orientation and thus allows the magnetic
and accuracy of the calibration are enhanced by the use off§manent state to be set to zero. The demagnetized sample
magnetic sensor with an ideally linear magnetic respons¥as then inserted into a Quantum Design MPMS supercon-
with field (i.e., a small magnetizing susceptibilitgnd with- ~ ducting quantum interference devic@QUID) magnetometer
out a multistage initial magnetization curve. It is also impor-With the normal to the disk surface aligned with the applied
tant that the magnetic material chosen does not exhibit thefield direction. It was important to maintain this measure-
mal degradation in magnetic behavior, as it is necessary tfent geometry because it mimicked the geometry of the
thermally demagnetize the sensor multiple times to check th&&mple within the TEM. The sample was magnetized at
reproducibility of the technique. A magnetic material that =300 K by stepping the applied magnetic field in increments
satisfied the requirements outlined above is a hot-pressedd then reducing the field back to zero, thus recording the
fully dense nanocrystalline material based on the composi€manence associated with each increase in applied field.
tion Nd,Fe;,B (Nd—Fe—B. The isotropic microstructure of This procedure was repeated to a maximum applied field of
this magnet, described elsewhéreenders the magnetic 50 kOe. Partial magnetization loops, known as recoil loops,

properties suitable for use as a TEM magnetic sensor. are obtained by this procedure and are shown in Fig. 2. It
should be noted that the partial recoil loops are entirely re-

versible, indicating little contribution of irreversible pro-
cesses to the magnetization and subsequent demagnetization
processes. Thex situ field-calibration curve(Fig. 3) was

The material selected for the TEM magnetic sensor waseproducible to within about 4% after multiple cycles of
a magnet made from melt-spun and subsequently hot-pressethgnetization and thermal demagnetization. The error in re-
Nd,Fe ,B-based ribbons of nominal composition producibility is most likely associated with sample mounting
Nd;4(Fey,Cog)gBsGay 5 Obtained from General Motors Re- irregularities rather than intrinsic material variation and is
search Laboratories in Warren, Michigan. The processing dediscussed in the error analysis in Sec. IV. The reproducibility
tails of the magnet are discussed elsewtered uniform  of the partial demagnetization curves defines a one-to-one
disk of 3 mm in diameter was cut from the center of therelationship between the remanence of the magnetic material
sample and polished to a final thickness of 0.15 mm by handnd the applied field. It also displays an almost linear rema-
with 800 grit (10 um) silicon carbide paper. These dimen- nence response versus applied field up to 20 kOe, with a
sions represent the maximum dimensions that can fit into demonstrated flattening towards magnetic saturation above
standard TEM sample holder. this field.

The polished Nd—Fe—B disk was sealed in a quartz tube  This procedure constitutes the general principle used in
in a vacuum of approximately X810 ° Torr and heated this work for the calibration of the magnetic field produced

B. Experimental field calibration of the magnetic
sensor
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FIG. 3. Remanent magnetization response of the magnetic sensor sample ¢ = — — — — — 7
a function of applied magnetic field measured by the SQUID magnetometer . 5_ . __BF
at room temperature and obtained from the partial magnetic recoil curves in 30¢ B [kG]
Fig. 2.

FIG. 4. Schematic of the principle underlying the magnetic field calibration
o ] ~method using a magnetic sensor. Quadrant | is the sensor magnetization
by the objective lens in the sample area of a JEM 3000F fieltéksponse vs the OL potential as a function of the magnetic field in the

emission electron microscope operating at accelerating volglectron microscope to be determined. Quadrant Il is sensor response to the
ages of 200—300 kV. known magnetic field generated in the SQUID magnetometer. Quadrants |1l

’ and IV show the construction of the final calibration curve of TEM magnetic
field B vs OL potentialJ ;. Points A and B indicate that at higher magnetic
fields the experimental errors are expected to be more significant due to

Il. EXPERIMENTAL FIELD CALIBRATION magnetic saturation of the Sensor.

OF THE TEM
A. Field calibration using a magnetic sensor versus applied magnetic field both in the TEM and in the
Magnetic field determination inside the JEM 3000F SQUID magnetometer that is used to provide a calibration
TEM was accomplished in two independent ways: using theurve. The first quadrant of the diagram in Fig. 4, labdled
measured magnetic response of the magnetic sensor prevepresents the transfer function of the magnetic sensor mag-
ously calibrated and, later, using a Hall probe. A significantnetization responsil,(U,,) versus the unknown magnetic
advantage of the former method is that it does not require théeld H(U ;) produced by the TEM OL coil potentid .
use of any special TEM holder with a Hall-probe unit. The The second quadrant of the diagram, labelgd, displays
field calibration performed with the magnetic sensor is verthe transfer function of the magnetic sensor remanent mag-
satile enough to be applied to the field calibration of anynetizationM,(H) as a function of the magnetic field applied
TEM or another similar machine. After completion of tte  in the SQUID magnetometer. This is simply a schematic plot
situ magnetic remanence calibration, the magnetic sensaf the ex situmagnetic recoil curves of the magnetic sensor
was once more sealed in an evacuated quartz tube and theriginally shown in Fig. 2. The{Y) and (— X) axes in Fig.
thermally demagnetized at 400 K. The demagnetized mags are identical and are used to construct the final value of
netic sensor was then placed in the specimen holder antiagnetic fieldH generated in the microscoge Y axis) ver-
inserted into the TEM. The sensor was gradually magnetizedus the OL potentidl o, (X axis). Quadrant IV contains the
in the TEM column in increments by increasing the OL po-final calibration curve of the fiel@(U,,) generated in the
tential. For the transmission electron microscope utilized inTEM as a function of the OL potential. Here we assume
this study the OL potential ; is related to the objective B(U,,) =H(U,p) becauseB is numerically equal tdd for
lens currentl o,; by the relationU o, =1,,Rop, WhereRy,;  the “air gap” of OL pole pieces of the TEM, since the per-
=0.372Q) is a reference resistance in the OL-coil circuit. meability of vacuumu, = Byac/H=1 in centimeter—gram—
After each cycle of increase and decrease in OL potentiadecond(cgs units. The advantage of this field-calibration
Uop; In the TEM the magnetic sensor was removed and itsnethod is that the final result should not be sensitive to the
remanence was measured in zero field with the SQUID magspecific shape of the experimental calibration cuMgH)
netometer. This procedure was repeated several times fdor the magnetic sensor us€gig. 3). Details concerning the
progressively larger values of objective lens current in theerror induced by the test-sample method are provided in Sec.
TEM, and is shown schematically in Fig. 4. Special care wasV.
taken to ensure that the test sample had the same position Depending upon the specific material, the effects of
and orientation with respect to the field both in the TEM andmagnetic saturation at high fields of the magnetic sensor
in the SQUID magnetometer. sample(Fig. 3 on the calibration curveM,(H) may be a
Figure 4 is a schematic representation of the relationshigource of significant experimental error for the TEM field-
between the magnetization response of the magnetic sensealibration curveH(U,y,). As one can see in Fig. 5 the am-
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ture in Nd—Fe—B-based permanent magnets is not possible

1

© above fields ofH,,,>15 kOe, because the magnet is satu-
X354 rated atH,~20 kOe(see Fig. 3 and the domain structure
304 ou mipEm disappears. Additionally, a very strong demagnetizing field
1 p— Ll mmu that surrounds the saturated sample may alter the parallel
251 E_EF' electron beam passing through sample and spoil the sensitiv-

n
o
FIT

ity of the magnetic image as well. It is fortunate therefore
that the decrease in calibration accuracy produced by the
magnetic saturation of the Nd—Fe—B sample using this tech-
nique does not affect the low-field calibratidn.
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B. Field calibration using a Hall probe

2 3 4 5
Obijective lens potential (V) . . . . . .
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FIG. 5. Final calibration curve of the magnetic field in the specimen area ofof an electron microscope using a permanent magnetic ma-
the QEM 3000F microscope as a function of the OI__ potential measured byarigl as a magnetic sensor, outlined above, was successfully
two independent methods¢a) the Nd—Fe—B magnetic test sensor method " . . .
(open circley and (b) the Hall-probe methodclosed squargsThe calibra- verified by a subsequent independent magnetic field calibra-
tion curve(b) is universal for all TEM modes of microscope listed in Table tion of the same JEM 3000F instrument using a special TEM
I'and defined by the TEM's computer. specimen holder containing a Hall probe. This procedure

only became possible during disassembly and maintenance
plitude of the experimental error in remanent magnetizatiorof the microscope. During this procedure a special tilt goni-
increases foH=20 kOe as the magnetic sensor approachesmeter unit(Fig. 1, items 2 and Bwas removed to allow
saturation magnetization. A discussion of the inherent errodirect access to the OL pole pieces through the flange win-
in the TEM field determination is facilitated by a close ex- dow (Fig. 1, item 7. A long holder with a small Hall probe
amination of Fig. 4 where point ‘Arepresents the low-field mounted on the tip was used for direct field measurement of
region of the TEM field-calibration curve and point Bep-  the magnetic field in the TEM OL pole—piece gap. The re-
resents the high-field region of the calibration curve. Thesults of these independent field measurements are also shown
experimental error in the field determined for point B as closed squares in Fig. 5 and are summarized in Table I.
Fig. 4 (quadrant IV is noticeably larger than that of point A The Hall probe itself was calibrated in a well-calibrated
(quadrant 1V, as quantified by the parallel dashed lines. Thisstatic magnetic field generated by a variable Nd—Fe—B
difference in experimental error is attributed to the lowermagnet®and was found to exhibit a linear response with the
sensitivity of the sensor magnetization response to appliefield, offset ly 5 G atzero applied field. It is clear that this
field as it approaches the high-field limit. In general, thesecond calibration curvB(U,,) obtained by the Hall probe
accuracy of the technique decreases as the susceptibility ¢Fig. 5 has a smaller experimental error, as is shown in the
the sample decreases at high fields. low-field limit region in Fig. 6.

In situ Lorentz imaging is only possible at magnetic More experimental results of the magnetic field of the
fields below a certain maximum applied field that is specificJEM 3000F microscope as a function of different operating
to the magnetic material under investigation. For instanceconditions and magnifications are presented in Table I. No-
the in situ magnetic imaging of the magnetic domain struc-tice that the random error in the field measured by the Hall

TABLE I. Magnetic field in specimen area of the JEM 3000F microscope under various operating conditions.

Accelerating voltage 200 kV Accelerating voltage 300 kV
Field Field

Uy (V)2 B (kG)° Uop (V)* B (kG)°
Low magnification Low magnification
60X —1500x 0.06 0.985 66 —1500% 0.07 1.121
2000x —3000x 0.01 0.172 2008 —3000x 0.01 0.172
Holography low Holography low
magnificatiofi magnification
2000x —4000< 0.01 0.172 2008 —4000x 0.27 3.785
Magnification Magnification
4000%x —6000x 4.32 27.654 4008 —-6000< 6.28 29.622
8000x —150 000K 4.32 27.654 8008 —150 000 6.30 29.637

The OL potentialU , is related to OL currenk,y,; by the relationU qp;= 1 o* Ropj, WhereR,,=0.3720) is a
reference resistance in the OL coil circuit.

The experimental data of magnetic fi@dkG) vs U (V) were recorded by a Hall probe with accuraty5
G, if not specified in the text.

“Special TEM mode used for the electron holography applications.
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FIG. 7. Magnetic images of the grain boundary area in a sintered Nd—Fe—B
FIG. 6. Low-field part of the calibration curve found to be suitableifor  magnet recorded in Foucault mode vs decreasing applied magnetic fields of
situ magnetic imaging of the domain structure of Nd—Fe—B magnets. The3 3 (a) and 2.1 kOgb). Details of the two images are provided in the text.
open circles represent the result obtained by the Nd—Fe—B magnetic sens@ycleation and expansion of reverse magnetic domains in graif@Gan
The closed squares indicate the independent calibration curve obtained e seen to occur via formation of a small domain at the grain boundary. The
the Hall probe equipped with a BELL610 gaussmeter. For the latter thejashed line indicates the grain boundary, and the fine arrows show the local
accuracy of the Hall probe was verified by a calibrated variable field magnefn-plane directions of domain magnetization. The projected in-plane magne-
in the Multimag MM2000-26.5 apparati(Refs. 7 and 8 The errors marked  tization directions are opposite for graing @nd G, as is evident from
with = were obtained by linear extrapolation of the experimental data to-thejr black/white Foucault contrast. Diffraction analysis confirmed that
wards zero field. grains G and G have parallel in-plane components of thaxes projected
into the plane of the image; theseaxes enclose a dihedral angle of about
84°.
probe did not exceed:15 G. Other important experimental
parameters of the magnetic field-calibration procedures des iy ation method is a little higher than that measured by the
Sc”be.d above_ are as follows. . . OIHaII probe; this issue will be explored in Sec. IV. Figures 5
F|ggre_5 indicates that the exp_erlmentally_determme nd 6 demonstrate that both of the calibration methods used
magnetic field ger_1erated by_ the QL in the specimen areagf the present work, within their respective experimental er-
the JEM 3000F microscope n ordinary TEM mode is aroun ors, appear to be consistent, resulting in almost the same
25 KG (electron gun accel-leratlng voltag@00 kV) or oy kQ calibration curves for the magnetic field generated by varia-
(electron gun accelerating voltag®00 kV), as listed in tion of the OL potential.
Table I. The magnetic remanence of the OL pole pieces,
measured after the application and removal of the maximum o o _
OL current, produces a residual magnetic field equal to 15§ Application of results to quantitative magnetic
+100 G (determined by the magnetic sensor methodto ~ 'Mading
172+ 13 G (determined by the Hall-probe method, Fig. 6 Precise knowledge of the magnetic field excited in the
These values are obtained from extrapolations of the magspecimen area of an electron microscope as a function of the
netic data obtained by the two methods in Fig. 6 to zero fieldOL potential allows one to take qualitative imaging of mag-
These results appear to be consistent with one another amgétic domain behavior obtained in Lorentz and/or Foucault
the remanent field in the microscope at zero OL curreninode$'®to a new quantitative level. The in-plane compo-
should be in the range of 150—170 G. This field is the mini-nent of the projected magnetic field is defined by the expres-
mum one present in the microscope regardless of the imagionH , =H sina, wherea is the tilt angle of a sample plane
ing mode used. The presence of a remanent field in the min the goniometer(for the JEM 3000F microscopéa|
croscope also warrants special care be taken during 26°), whereH is the field exited by the objective lens.
quantitative magnetic analysis of magnets with coercivitiesyith knowledge of the applied field, detailed analyses of
below 200 Oe. Finally, as follows from Figs. 5 and 6, the TEM magnetic images recorded undar situ magnetizing
linear part of field dependend®(U,,) extends up to a field conditions at the nanoscale become a reality. This approach
of B<15KkG[1.5 T in Systeme Internation&bl) units] with  may be fruitful for a quantitative description of the evolution
Ugbjs 1.0V (Fig. 6). To good approximation this part of the of the local domain structure versus the applied field as well
curve can be expressed by a simple linear formula on thes enable the evaluation of magnetization and demagnetiza-
basis of Hall-probe datéFig. 6) as tion processes, allowing one to differentiate between domain
_ * wall nucleation and domain wall pinning mechanisms that
B (G)=(172+13)+ (13356 28)" Uay;, @ are sensitive to the sample composition, defect state, and
whereB is the magnetic field in the specimen area of TEMapplied magnetic field.
measured in gauss ard},; is the OL potential measured in As an example of the utility of the approach, it is pos-
volts. The constant 13356 in EL), in units of G/V, quan- sible to elucidate the demagnetization process, shown in Fig.
tifies the sensitivity of the magnetic field to the OL potential. 7, by magnetic sensitive in-focus Foucault images, which
Notice that the sensitivity determined by the magnetic sensatlepict the magnetic domain configuration present in a large-
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angle grain boundaryGB) region in a sintered Nd—Fe—B V. DISCUSSION OF SOURCES OF ERROR
magnet obtained by appropriate shift of the objective apertN THE CALIBRATION

ture. Under *free lens control” in the TEM the sample was The goal of this exercise was to ascertain the magnetic

magnetized first with fieldH,=11 kOe (Fig. 5 applied . S i g
along the normal to the image plane. The experimental imfleld value produced by the objective lens currétits po

ages were recorded after reducing fiéld, normal to the tentia) in the sample region of the TEM. Logically there is

image plane, down to 3.3 and 2.1 kOe, respectively. Thé"m unambiguous functional relationship between these two

redion imaged contains two arains. Gnd SN parameters. Experimentally it was found that only the OL

mgtely 5,ng1 1 diameter with t%e dif&arent c%étalropgraphic contributes to the excited magnetic field in the specimen area
. : o f the JEM F mi . Hall

orientations labeled; the dashed white lifi@beled “GB”) of the J 3000F microscope. Hall probe measurements

indicates th in boundary. The black-and-white stri confirm that the other lenses in the microscope, such as the
indicates the grain bouncary. The black-and-white strip€ cong,ngenser minilengCM) or the objective minilengOM)
trast in Fig. 7 is magnetic domain contrast that arises fro

in-ol tizati ts with i : t”%hown in Fig. 1, do not contribute to the magnetic field in the
In-plané magnetization components with opposite oren aépecimen area and therefore their effects were neglected.
tions. The projected magnetization directions are opposite f

. . . . ) 0I'Eigures 5 and 6, however, indicate the existence of a certain
grains G and G, as is e"'de”t. frqm thel_r blackiwhite FO[.J' average discrepancy in the field value obtained by the two
cault contrast. Small arrows signify the in-plane mag”et'zah]easuring methods. In particular, the measured magnetic
tion dirgction of the grains. A small .reg'ion that runs alongfield in the TEM using the magnetic sensor method appears
the grain boundary, labeled TGBD'" |.nd|cates thg_presenceto be slightly higher(by a factor of 1.13than the field ob-
of a grain boundary magnetic domain. The position of theineq by the Hall-probe method for the same OL potential

grain poundary in the image was (.jeterm.ined by removal_ogetting(Fig. 6). Two categories of experimental error have
the objective aperture from the optical axis of the TEM. It is been considered to explain this discrepancy: random or sta-

hypothesized that the presence of the grain boundary domaifytica| error and systematic error. It was concluded that one

may reduce the magnetostatic energy in the intergranulaly e of error results from the SQUID magnetometer rem-
area. The black regions in the upper-left comer and in the,nent moment determination of the sensor sample. From ex-

lower-right corner mark holes in the film. A small region of perience with the SQUID magnetometer the random experi-
reverse magnetizatioeircled is visible in grain G nearthe  mental error in the moment determination for a particular

grain boundary. Upon reduction of the quegtive lens Curremsample is approximately-0.5%, which represents the accu-
and hence reduction of the magnetic field in a sample areqqcy of the SQUID magnetometer and its associated electron-
Flg._ 7(b) shows that the reverse magnetlzauon_nuclegs Ofcs. However, a larger systematic errton the order of
grain G, has expanded and encompasses the entire grain. ItiS5o) can occur from inconsistent axial alignment of the
deduced that nucleation and expansion of reverse magnetigmple with respect to the applied magnetic field axis in the
domains that exist in grain {occur via the formation of the  sQUID. The error bars shown in Fig. 5 were calculated with
grain boundary domaifGBD). In situ TEM observation of  he inclusion of the random error in the remaneie de-

the demagnetization process of this region indicates that th@ymination of 0.5%, and a variation in the placement of the
domain configuration changes abruptly with a reduction ofsample, specifically in the angle of the sample normal with
the magnetic field from 3.3 to 2.1 kG. _ ~ respect to applied field in the SQUIB%). Taken together,

A selected area electron diffraction analysis confirmednese produce an error of not more than 5.5%. These error
that thec axes of grains gand G span an angle of 84° and pars obviously represent unlikely extreme cases of system-
that the in-plane components of thexes appear to be par- atic and random errors combined.
allel .When prpjected onto thg image plane. This resylt _iS Another source of systematic error can be derived from
consistent with the magnetic anls_otsrop_y €asy axis Ithe more accurate analysis performed for the OL magnetic
Nd,Fe; 4B, yvhlch lies p_arz_allel to the_ axis’ W|th knqwledge circuit of the TEM. By applying Ampere’s lawHdI=N]|
of the applied magnetic field magnitude it is possible 1o sepagyhere NI is a number of A/turnsto the closed magnetic
rate the demagnetization process into three successive Stegfcyit of the objective lens it is easy to show that the place-
The first stee;s a combined nucleation and expansion of thg,ent of a magnetic material inside the air gap of an electro-
narrow GBD." In the geometry imaged within the TEM foil ' yagnet should increase its strength and hence the magnetic
this step occurs at nucleation field bf,=3.3kOe. It ap-  fie|d inside the pole pieces. Our test sample was of finite
pears that this specific grain boundary domain does not folghicknessh=0.15 mm, compatible with the air-gap width of
low the easy magnetic axis of the grains, but instead, followgphe oL pole pieces|E2 mm) of the JEM 3000F micro-
the grain boundary interface. The second step in the demageqpe. A simplified calculatidf of the magnetomotive force
netization process is the passage of the domain wall from thﬁecessary to overcome the air-gap resistance of the OL lens

defective region into the grain interibrThis result is shown allows an estimation of the magnetic field enhancement in
in Fig. 7(b) and occurs at a propagation field &f, e air gap:

=2.1kOe. Further decreases in the applied field combined
with the complex stray field cause the observed domai® (test samplgB (Hall probg

structure to evolve by expansion of the domain walls via h{p—1 h 0.15

additional lateral movemerihot shown in Fig. Y. This is the =1+ T ( —) ~1+ T 1+ = 1.08, (2
last step in the local demagnetization process in this sintered K

Nd-Fe—B magnet. where h=0.15 mm is the thickness of the specimen &nd

Downloaded 30 May 2003 to 130.199.3.16. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



2304 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Volkov et al.
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